Staphylococcus aureus bacteremia (SAB) is one of the most common serious bacterial infections and the most frequent invasive infection due to methicillin-resistant S. aureus (MRSA). Treatment is challenging, particularly for MRSA, because of limited treatment options.
Staphylococcus aureus is an evolving pathogen responsible for a variety of infections ranging from skin and soft tissue infections to invasive life-threatening diseases [1] . Staphylococcus aureus is the second most common bacterial pathogen that causes infections in outpatients [2] and is among the most frequent causes of nosocomial bacteremia [3] . Metastatic infection and relapse are common [4] , and involvement of S. aureus with reduced susceptibility to vancomycin (vancomycin-intermediate S. aureus [VISA]/heterogeneous VISA [hVISA]) [5] and daptomycin is increasing [6, 7] . The proportion of methicillin-resistant S. aureus (MRSA) with reduced susceptibility to vancomycin nearly doubled between 2004 and 2009 [8] .
For decades, vancomycin has been the gold standard treatment for MRSA infections including bacteremia and infective endocarditis. Treatment failures with vancomycin have been associated with the presence of VISA and hVISA and the phenomenon of minimum inhibitory concentration (MIC) creep [5] . Furthermore, vancomycin has limited tissue penetration, is slowly bactericidal [9] , and is suboptimal against methicillinsusceptible S. aureus (MSSA) [4, 10] ; therefore, S. aureus bacteremia (SAB) relapse is common [4, 11] . Daptomycin, which is approved for the treatment of SAB in the United States and Europe, has been shown to be noninferior to standard therapy in terms of cure (vancomycin or antistaphylococcal penicillin, depending on isolate susceptibility) [12] and is an alternative to vancomycin. Resistance to daptomycin has begun to emerge [6] in the following 2 clinical scenarios: in daptomycin-treated patients with undrained infections [12] and in daptomycin-naive patients infected with MRSA strains that display high MIC to vancomycin [7] . Thus, a critical need exists for additional agents that are effective in the treatment of bacteremia and infective endocarditis.
Telavancin is a semisynthetic derivative of vancomycin (Figure 1 ) that exhibits concentration-dependent bactericidal effects in vitro via a dual mechanism of action of inhibition of bacterial cell wall synthesis and disruption of bacterial cell membrane barrier functions [13] . Telavancin is approved in the United States and Canada for the treatment of adult patients with complicated skin and skin structure infections (cSSSI) due to susceptible gram-positive pathogens. Also, telavancin is approved in the United States and Europe for the treatment of hospitalacquired bacterial pneumonia (HABP), including ventilatorassociated bacterial pneumonia (VABP) due to susceptible isolates of S. aureus (MRSA strains only in Europe), when alternative medicines are unsuitable.
IN VITRO ANTIMICROBIAL ACTIVITY OF TELAVANCIN
Since 2007, telavancin's microbiological activity against clinical isolates has been monitored as part of the SENTRY Antimicrobial Surveillance Program and by numerous other investigators [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Telavancin MICs were tested according to the Clinical and Laboratory Standards Institute (CLSI) guidelines, which were in place at the time these studies were performed, and susceptibility was interpreted with the corresponding US Food and Drug Administration (FDA) breakpoints, which were approved in 2009 (susceptibility breakpoint ≤1 µg/mL). The MIC testing methodology and corresponding FDA-approved breakpoints have recently been revised (≤0.12 µg/mL for S. aureus) and are published in the CLSI M100-S24 guidelines and the telavancin product insert [27] , respectively.
In the most recent published surveillance data (2010) on the activity of telavancin against 15 480 nonduplicated grampositive pathogens (39% of isolates from patients with bacteremia), telavancin (MIC 50/90 , 0.12/0.25 µg/mL) was 2-fold more active than daptomycin (MIC 50/90 , 0.25/0.5 µg/mL) Figure 1 . Chemical structure of telavancin. and 4-to 8-fold more active than vancomycin and linezolid (MIC 50/90 for both, 1/1 µg/mL) against MRSA [17] (Table 1) .
The in vitro activity of telavancin and its comparators was also tested against 67 vancomycin-susceptible and vancomycin-nonsusceptible MRSA isolates collected between 2007 and 2008 in a resistance selection study [28] . All 26 VISA strains were susceptible to telavancin (MIC, ≤1 µg/mL), whereas 12 of 26 (46%) were nonsusceptible to daptomycin at the same concentration. In another analysis, the in vitro activity of telavancin and its comparators against 33 VISA and 13 vancomycin-resistant S. aureus (VRSA) isolates was evaluated. This study similarly found that 100% of the VISA isolates were susceptible to telavancin (MIC, ≤1 µg/mL) and linezolid, while only 30% were daptomycin susceptible. However, telavancin MICs vs 13 VRSA isolates (MIC range, 2-8 µg/mL) were above the susceptibility cutoff, while these isolates remained susceptible against linezolid and daptomycin [29] . In multistep-resistance selection studies, telavancin yielded only a single stable resistant clone out of 10 MRSA strains tested after 43 days of passages, and single-step mutation frequencies for telavancin were lower than the spontaneous mutation frequencies from comparators [28] .
All gram-positive isolates obtained during phase 3 studies of telavancin for the treatment of cSSSIs and nosocomial pneumonia (NP) were inhibited by ≤1 µg/mL telavancin [30, 31] . The MIC 90 for S. aureus was 0.5 µg/mL in both studies, including 39 hVISA isolates recovered during the NP trials. 
ANIMAL MODELS OF STAPHYLOCOCCUS AUREUS BACTEREMIA OR INFECTIVE ENDOCARDITIS
The efficacy of telavancin has been studied in animal infection models of bacteremia [32] [33] [34] and infective endocarditis [35] [36] [37] caused by clinically relevant gram-positive organisms. In these studies, telavancin efficacy was compared with that of agents such as vancomycin or daptomycin at doses that mimicked human-equivalent exposures. The following are a few illustrative examples. In several murine bacteremic infection models, telavancin treatment resulted in the successful resolution of a MRSA infection, whereas vancomycin treatment did not [32] [33] [34] . Telavancin also produced significantly greater reductions in blood and spleen bacterial titers (P < .05) vs vancomycin ( Figure 2 Effects of telavancin and vancomycin on spleen (A) and blood (B) bacterial titers in a murine methicillin-resistant Staphylococcus aureus bacteremia model [32] . For controls at all time points except at t = 10 hours (n = 9) and t = 16 hours (n = 4), n = 10. For the vancomycin group at all time points except at t = 40 hours (n = 4), n = 5. For the telavancin group at all time points except at t = 28 hours (n = 4), n = 5. Data represent mean ±1 standard error of the mean. Arrow denotes time of dosing. Abbreviations: CFU, colony forming units; LOQ, limit of quantification; SC, subcutaneous. [100%], respectively). In an immunocompromised murine model of bacteremia caused by glycopeptide intermediate S. aureus (strains HIP-5836 and Mu50) or hVISA (strain Mu3), telavancin was more effective than vancomycin despite only 24 hours of dosing. Moreover, only telavancin produced statistically significant (P < .05) and sustained reductions in blood and spleen titers from pretreatment levels for all 3 strains tested ( Figure 3) .
In another study, the efficacy of telavancin and vancomycin in an immunocompromised murine subchronic model of bacteremia caused by hVISA strain Mu3 was compared [34] . Treatment began 4 hours post-inoculation and continued for 4 (telavancin) or 8 days (vancomycin). The shorter course of telavancin was more effective than vancomycin in clearing the infection; none of the telavancin-treated animals had positive blood cultures after the first treatment day, whereas more than 40% of vancomycin-treated animals were bacteremic through days 5-7.
In several rabbit models of infective endocarditis, telavancin was more effective than vancomycin against most of the vancomycin-susceptible and VISA strains that were tested [35, 36] . In one study, telavancin was at least as active as vancomycin against the MRSA strain and significantly better than vancomycin against the VISA strain. In the other study, both telavancin and vancomycin demonstrated efficacy in the rabbit model of VISA infective endocarditis. Telavancin was also effective against daptomycin-nonsusceptible strains [37] . In a rabbit model of aortic valve endocarditis in which efficacy of telavancin against daptomycin-resistant MRSA was evaluated (daptomycin MIC range, 2-4 µg/mL; telavancin MIC, ≤0.38 µg/mL), telavancin produced a mean reduction of >4.5 log 10 colonyforming units per gram in vegetations, kidneys, and spleen compared with untreated or daptomycin-treated rabbits [37] . Telavancin sterilized a significantly higher proportion of tissue cultures (87% in vegetations; 100% in kidney and spleen) compared with low-and high-dose daptomycin (0% in vegetations, kidneys, and spleen; P < .0001).
CLINICAL EXPERIENCE IN TREATMENT OF STAPHYLOCOCCUS AUREUS BACTEREMIA OR INFECTIVE ENDOCARDITIS

ASSURE Study
A phase 2, multinational, randomized, double-blind, activecontrolled trial was conducted to evaluate the safety and efficacy of telavancin for the treatment of adult patients with uncomplicated SAB [38] . Patients were randomized to receive either telavancin (10 mg/kg IV q24h) or standard therapy (vancomycin 1 g IV q12h or antistaphylococcal penicillin [nafcillin 2 g IV q6h, oxacillin 2 g IV q6h, or cloxacillin 2 g IV q6h]) for 14 days (blinded dose adjustment of vancomycin was permitted per site-specific guidelines). The primary efficacy endpoint was clinical cure at day 84, defined as resolution of clinical symptoms/signs associated with bacteremia, no evidence of metastatic complications, all cultures negative for S. aureus after qualifying blood cultures, and no nonstudy systemic antistaphylococcal medication to which the baseline pathogen was susceptible.
Of 60 patients randomized to telavancin or standard therapy, 58 received 1 or more doses of study medication (n = 29 in each group). The key analysis populations included the all-treated target population (ATT; patients who received 1 or more doses of study medication and fulfilled inclusion/exclusion and continuation criteria [telavancin, n = 15; standard therapy, n = 16]) and the clinically evaluable population ( patients in the ATT population who received 12-16 days of study medication and whose study participation did not deviate from the protocol by more than prespecified limits [telavancin, 8; standard therapy, 9]). Baseline characteristics were similar in the 2 ATT treatment groups. All baseline isolates of S. aureus (MRSA and MSSA) available for testing were vancomycin susceptible (≤1 µg/mL). Sixteen patients in the telavancin group and 12 patients in the standard therapy group discontinued study medication early. The most common reason for failing to meet continuation criteria was identification of complicated bacteremia ( positive follow-up blood cultures).
Cure rates in ATT patients were numerically lower with telavancin (8/15; 53%) vs vancomycin (11/16; 69%; 95% confidence interval [CI] for the difference, −45.9 to 18.5). The response rate in the ATT population was lower because more patients in the telavancin group had missing outcomes at the test-of-cure visit and thus could not be considered cured. Only those patients with complete data and receiving predefined lengths of treatment (for cure or failure) were included in the clinically evaluable population. Similar proportions of clinically evaluable patients were cured in the telavancin and standard treatment arms (88% vs 89%; 95% CI for the difference, −35.5 to 31.9; Table 2 ) [38, 39] . All clinically evaluable patients with MRSA were cured. Only 1 patient in each group actually failed study treatment. The patient who failed in the telavancin group had positive blood cultures for MSSA and was subsequently found to have osteomyelitis. The patient who failed in the standard therapy group died after being readmitted on study day 48 with intestinal ischemia and positive blood cultures for MSSA. Another patient who was considered cured in the standard therapy group had positive blood cultures for S. aureus during follow-up. Adverse events (AEs) were more common in the telavancin group compared with the standard therapy group; AEs that led to drug discontinuation were similar in both groups (Table 3 ) [38, 39] . Potential clinically significant increases in serum creatinine (serum creatinine ≥1.5 mg/dL and at least 50% greater than baseline at any time point through the end-of-therapy visit) were more common in telavancin-treated patients (5/25 vs 2/28).
Five (17%) died in the telavancin group and 3 patients (10%) died in the standard therapy group. In the telavancin group, 1 patient who died from endocarditis had withdrawn consent after the first dose, 2 other patients had discontinued early because of failure to meet continuation criteria (1 with endocarditis and 1 with metastatic soft tissue abscess), and 2 patients died after completing study medication (1 with prostate cancer and cardiorespiratory failure and 1 with probable sepsis from the urinary tract). In the standard therapy group, 1 patient died with MSSA bacteremia and intestinal ischemia, 1 patient died from endocarditis, and 1 patient died from a neuroleptic malignant syndrome.
ATTAIN Studies
The ATTAIN studies were 2 methodologically identical, randomized, double-blind, phase 3 trials that compared telavancin with vancomycin for the treatment of hospital-acquired pneumonia (HAP) due to gram-positive pathogens including MRSA [40] . Overall, the pooled studies showed that telavancin was noninferior to vancomycin and indicated improved clinical outcomes compared with vancomycin in the subgroups of patients with monomicrobial S. aureus infections and with S. aureus strains displaying a vancomycin MIC ≥1 µg/mL [40] . As bacteremic HAP is associated with higher mortality than nonbacteremic HAP, particularly when MRSA is the causative pathogen [41] , a post hoc analysis of patients with bacteremic HAP enrolled in the ATTAIN studies was conducted [39] . Bacteremic HAP was defined by the identification of a pneumonia-causing pathogen in the blood or of the same pathogen in the lung and blood with identical susceptibility profiles.
The bacteremic HAP subgroup comprised 73 of 1089 patients (7% of pooled ATTAIN modified all-treated population); S. aureus was the most common blood pathogen (Table 4) Cure rates at test of cure were similar in the overall group of patients with S. aureus bacteremic HAP (which included patients with mixed infections) but numerically higher among those treated with telavancin in the subgroups of patients with MRSA and monomicrobial S. aureus bacteremic HAP (Table 2) [38, 39] . Eight patients had blood cultures positive for S. aureus at baseline and in follow-up cultures: 2 in the telavancin group (both MRSA) and 6 in the vancomycin group (2 MSSA, 4 MRSA). However, none of the patients were categorized as cured. None of the S. aureus strains associated with baseline and positive follow-up blood cultures had vancomycin MIC values >1 mg/L, and no increases in vancomycin MICs were detected in any strains.
Rates of serious AEs were comparable between the 2 groups (Table 3) [38, 39] . The rate of renal AEs was similar with telavancin (5/34; 15%) and vancomycin (4/39; 10%); 4 cases of acute renal failure were reported, 3 of which were in the vancomycin group. The proportions of patients who discontinued the study medication due to AEs were similar. The mortality rate in these bacteremic HABP/VABP patients was similar in the 2 treatment groups (both 41%) and was higher than the approximately 20% overall rate observed in the ATTAIN studies [40] . This is consistent with other studies of HABP and VABP, where Serious AEs, n (%) 11 (38) 6 (21) 16 (47) 18 (46) Discontinuations due to AEs, n (%) 2 (7) 2 (7) 4 (12) 5 (13) Deaths, n (%) 5 (17) 3 (10) 14 (41) 16 (41) Abbreviations: AE, adverse event; ASSURE, Telavancin for Treatment of Uncomplicated Staphylococcus aureus Bacteremia; ATTAIN, Assessment of Telavancin for Treatment of Hospital-Acquired Pneumonia. a All-treated population.
b All patients with bacteremic hospital-acquired pneumonia.
c Data on file, Theravance Biopharma, Inc.
the presence of bacteremia at least doubled the mortality rate [41] [42] [43] [44] . A higher overall 28-day mortality rate was observed among patients with a baseline creatinine clearance (CrCl) <50 mL/min compared with patients with better renal function. The mortality rate among telavancin-treated patients with poor renal function was higher than in vancomycin-treated patients. Hence, the approved product label warns against the use of telavancin in NP patients with preexisting moderate to severe renal insufficiency unless the anticipated benefit outweighs the potential risk.
Case Series and Case Reports
The efficacy of telavancin was examined in a retrospective case series of 14 patients with refractory MRSA bacteremia (defined as persistent MRSA bacteremia for longer than 72 hours while on appropriate therapy [vancomycin with a trough ≥10 µg/mL, daptomycin, or both]) either with or without infective endocarditis (modified Duke criteria; n = 10 and n = 4, respectively) [45, 46] . The primary outcome was inpatient mortality; secondary outcomes included 30-day mortality and time to clearance of that for MRSA bacteremia. Overall inpatient mortality was 43%, and all patients who died were from the subgroup with infective endocarditis (6/ 10). The time to clearance of MRSA bacteremia for survivors ranged from 0 to 3 days. This rate of clearance compared favorably with prior treatment as these patients had persistent MRSA bacteremia ranging from 3 to 26 days (median, 12 days). It should be noted that this rapid clearance may have been partially due to effects of the prior treatments. Thus, the overall clinical cure rate in these patients with refractory bacteremia, with or without infective endocarditis, was comparable to other firstline agents [12] .
The efficacy and safety of telavancin has also been assessed in a separate clinical study in which the treatment of uncomplicated gram-positive bloodstream infections in patients with cancer was described [47] . A total of 38 patients received telavancin (CrCl > 50 mL/min, 10 mg/kg/day; CrCl 30-49 mL/min, 7.5 mg/kg/day) for 14 days or longer (S. aureus infections) or for 7 days or longer (other gram-positive cocci). Twenty-three patients (61%) had hematologic malignancies and 17 (45%) had solid tumors. Eighteen patients (45%) were neutropenic and 7 patients (18%) had received a bone marrow transplant within 1 year of their bacteremia. The most common pathogens were S. aureus (20 patients, 10 MRSA; 10 MSSA), alpha-hemolytic Streptococcus (7 patients), and Enterococcus (5 patients).
Telavancin was effective and generally well tolerated. The overall clinical response rate was 89% (34/38), and the microbiological eradication rate within 96 hours of starting treatment was 95% (36/38). Treatment-related AEs were observed in 32% (12/38) of patients, and these led to treatment discontinuation in 7 patients (18%), primarily as a result of renal toxicity. During follow-up, 5 patients (13%) had serum creatinine at least 2-fold of baseline levels that declined to baseline by the end of the follow-up period [47] . Of note, no other antibiotics were given to the patients during their treatment course.
There are 3 published case reports of patients with bacteremia (2 MRSA, 1 VISA) and/or infective endocarditis treated with telavancin [48] [49] [50] . In each of these complicated cases, the patients had organisms resistant to or that had failed to respond to vancomycin and/or daptomycin, with underdosing of daptomycin in 1 case. Telavancin therapy, ranging from 3 to 8 weeks, resulted in prompt clearance of the bacteremia; with additional surgery, all 3 patients responded well.
Cautions in the Use of Telavancin
In addition to the aforementioned renal toxicity and higher mortality seen in HAP/VAP patients with moderate to severe renal impairment, other cautions include interference with coagulation testing (eg, prothrombin time/international normalized ratio, activated partial thromboplastin time), unless blood is sampled just prior to a telavancin dose or test kits that are not affected by telavancin are used [51] . Because of potential adverse effects on the developing fetus, women of child-bearing potential should have a pregnancy test prior to therapy. Pregnant women should only receive the drug if the anticipated benefit outweighs the potential risk [27] .
CONCLUSIONS
Telavancin is a bactericidal antibiotic with a dual mechanism of action. In vitro data and experimental models of infection support a potential role for telavancin in the treatment of SAB. In murine models of bacteremia and in in vitro and rabbit models of infective endocarditis, telavancin demonstrated greater efficacy than vancomycin and similar or greater efficacy than daptomycin. Clinical experience includes bacteremic patients with catheter-associated infections, HAP, osteomyelitis, and endovascular infections, which showed comparable clinical cure rates between telavancin and vancomycin, although the findings were based on very small sample sizes. While the drug has been generally well tolerated, nephrotoxicity warrants caution in its use, especially among patients at high risk for development of renal dysfunction. Additional clinical experience is needed to fully assess the effectiveness and safety of telavancin in patients with SAB. These studies will need to include larger numbers of patients than were enrolled in the ASSURE study, as well as patients with complicated bacteremia.
Notes
